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SUMMARY 

c 

A s t r u c t u r a l  performance and r e s i z i n g  !SPAR) f i n i t e - e l emen t  computer program and 
NASA s t r u c t u r a l  a n a l y s i s  (NAST2AN)  f in i t e - c l emen t  computer programs were used i n  the  
thermal  stress a n a l y s i s  of t h e  space s h u t t l e  orbiter s u b j e c t e d  to  r e e n t r y  aerodynamic 
hea t ing .  A SPAR s t r u c t u r a l  model was set  up for  t h e  e n t i r e  l e f t  wing of t h e  orbi ter ,  
and NASTRAN s t r u c t u r a l  models were set up f o r  ( 1 )  a wing segment located a t  midspan 
of  t h e  orbiter l e f t  wing and ( 2 )  a f u s e l a g e  segment located a t  midfuselage.  The 
thermal  stress d i s t r i b u t i o n s  i n  t h e  orbiter s t r u c t u r e  were ob ta ined  and the c r i t i ca l  
h igh  thermal stress reg ions  were i d e n t i f i e d .  It was found tha t  the thermal stresses 
induced i n  t h e  orbiter s t r u c t u r e  du r ing  r e e n t r y  were r e l a t i v e l y  low. The thermal  
stress p r e d i c t i o n s  from the whole wing model were cons idered  to  be more a c c u r a t e  
than  those from the wing segment model because the former accounts  for  temperature  
and stress e f f e c t s  throughout  t h e  e n t i r e  wing. 

INTRODUCTION 

The space s h u t t l e  orbiter is  designed to be flown as many as  100 miss ions  w i t h -  
o u t  excess thermal  and mechanical loadings .  To e s t a b l i s h  conf idence  i n  t h e  orbiter 
thermal  and s t r u c t u r a l  i n t e g r i t y ,  it is e s s e n t i a l  to f u l l y  unders tand  bo th  the 
thermal  and s t r u c t u r a l  performance of t h e  o r b i t e r  subjected to r e e n t r y  aerodynamic 
h e a t i n g  and aerodynamic loading .  

Because t h e  number of onboard thermocouples is ext remely  l i m i t e d ,  it is  impossi- 
ble to g e n e r a t e  a c c u r a t e  tempera ture  d i s t r i b u t i o n  w i t h i n  t h e  orbiter s t r u c t u r e  based 
on thermocouple d a t a  f o r  e s t i m a t i o n  of t h e  tempera ture  i n  each  s t r u c t u r a l  component. 
For this reason  a n a l y t i c a l  thermal  a n a l y s i s  ( f o r  example, f i n i t e - e l e m e n t  h e a t  t r a n s -  
fer a n a l y s i s )  o f  the orbiter is  necessary.  The thermal  a n a l y s i s  can  g i v e  r e l a t i v e l y  
a c c u r a t e  tempera ture  d i s t r i b u t i o n  i n  t h e  orbiter s t r u c t u r e ,  making it possible to 
de termine  t h e  tempera ture  l e v e l  i n  each of t h e  orbiter s t r u c t u r a l  components. This 
a n a l y s i s  can show i f  t h e  d e s i g n  l i m i t  t empera ture  of  350°F is  exceeded. (Heat ing 
beyond 350°F w i l l  c e r t a i n l y  degrade t h e  aluminum s t r u c t u r a l  material.) Addition- 
a l l y ,  a thorough knowledge of the s t r u c t u r a l  t empera ture  d i s t r i b u t i o n  is necessary 
for an a c c u r a t e  thermal stress a n a l y s i s .  

The f l i g h t  load data ob ta ined  from onboard s t r a i n  gage measurements c o n t a i n  both 
t h e  thermal  and mechanical stresses. Unfor tuna te ly ,  t h e s e  t w o  stress components are 
n o t  e a s i l y  s e p a r a t e d  exper imenta l ly .  To o b t a i n  t h e  mechanical  stresses, the thermal  
stresses must be removed from t h e  strain-gage-measured stresses. This can be done 
a n a l y t i c a l l y  by f i r s t  c a l c u l a t i n g  t h e  thermal  stresses and then  removing them from 
the strain-gage-measured stresses t o  g i v e  t h e  t r u e  mechanical stresses. For the 
thermal  stress c a l c u l a t i o n s ,  t h e  s t r u c t u r a l  t empera ture  d i s t r i b u t i o n s  ob ta ined  from 
t h e  h e a t  t r a n s f e r  a n a l y s i s  may be used as i n p u t  to a s t r u c t u r a l  m o d e l .  Ex tens ive  
work on t h e  h e a t  t r a n s f e r  a n a l y s i s  of t h e  orbiter w a s  conducted by KO, Quinn, and 
Gong ( r e f s .  1 to  7) .  

The purpose of t h i s  report is t o  use t h e  f i n i t e - e l e m e n t  method to c a l c u l a t e  
thermal  stresses i n  t h e  orbiter s t r u c t u r e  us ing  t h e  s t r u c t u r a l  t empera ture  d i s t r i b u -  
t i o n s  ob ta ined  from r e f e r e n c e s  4 to  7 as thermal load ings  t o  t h e  s t r u c t u r a l  models. 
F in i te -e lement  s t r u c t u r a l  models were set  up f o r  t h e  e n t i r e  l e f t  wing, a wing segment 



located at midspan of the left wing, and a fuselage segment located at midfuselage. 
Thermal stress distributions in the orbiter structure were obtained, and the criti- 
cal high-stress regions were identified. 
establishing element mesh sizes which will be adequate for thermal stress analysis 
of large aerospace structures. 

These analyses also provide a baseline for 
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quadrilateral membrane and bending element 
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high-temperature reusable surface insulation 
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strain isolation pad 
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space transportation system, flight 5 

thermal protection system 
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YO s t a t i o n  i n  y d i r e c t i o n  

20 s t a t i o n  i n  z d i r e c t i o n  

X I  Y f  r e c t a n g u l a r  C a r t e s i a n  c o o r d i n a t e s  

ha change i n  a n g l e  of a t tack,  deg 

Q X  normal stress i n  x d i r e c t i o n ,  l b / in2  

normal stress i n  y d i r e c t i o n ,  l b / i n 2  a Y  

XY shear stress , l b / i n 2  

DESCRIPTION OF PROBLEM 

F igure  1 shows a composite top and bottom view of t h e  space s h u t t l e  orbiter. The 
orbiter parts selected for the p r e s e n t  s t u d y  are the major load-car ry ing  r eg ions  of 
t h e  l e f t  wing, and t h e  midfuselage cross s e c t i o n  ( f ig .  1 ) .  The problem is to  calcu-  
la te  thermal stresses induced i n  the space s h u t t l e  orbiter s t r u c t u r e  d u r i n g  r e e n t r y  
aerodynamic hea t ing .  The thermal  load ings  to the orbiter s t r u c t u r e  were based on the 
space t r a n s p o r t a t i o n  system f l i g h t  5 (STS-5) r e e n t r y  t r a j e c t o r y  shown i n  f i g u r e  2 
(re€. 4) .  Three r e g i o n s  of t h e  orbiter were selected for t h e  thermal stress analy-  
sis. The f i r s t  r e g i o n  w a s  the  whole l e f t  wing bounded by chordwise s t a t i o n s  Xo1040 
and Xol365. 
s t a t i o n s  Yo-240 and Yo-254. 

l a g e  s t a t i o n s  Xo877 and x088O. The e levon,  l e a d i n g  edge r e g i o n s ,  wheel w e l l  door, 
a n d ' b a y  door were n o t  inc luded  i n  the a n a l y s i s  because the p r e s e n t  s t u d y  concerns  
o n l y  the major load-car ry ing  s t r u c t u r e s .  Also the thermal p r o t e c t i o n  system (TPS) 
w a s  excluded i n  the thermal stress a n a l y s i s  because i t  is  n o t  a load-car ry ing  s t r u c -  
t u r a l  component. However, for the heat t r a n s f e r  a n a l y s i s ,  t h e  wheel w e l l  door, the 
l and ing  gear, t h e  bay door, and the TPS had to be inc luded .  

The second r eg ion  was a segment of  the l e f t  wing bounded by spanwise 
The th i rd  r eg ion  w a s  a f u s e l a g e  segment bounded by fuse-  

DESCRIPTION OF STRUCTURES 

Wing 

As shown i n  f i g u r e  3, the  ribs of the wing are aluminum t r u s s  systems made of 
v e r t i c a l ,  h o r i z o n t a l ,  and d i agona l  members p in- jo ined  together. A l l  of the spar 
webs, the wheel well vertical walls, and the wing root vertical wall ( f u s e l a g e  w a l l 1  
are mge of co r ruga ted  aluminum panels .  Both the lower and upper wing s k i n s  l y i n g  
between s t a t i o n s  X01191 and Xo1365 are made of h a t - s t r i n g e r - r e i n f o r c e d  aluminum 
pane l s .  The lower and upper wing s k i n s  l y i n g  between s t a t i o n s  Xo1040 and Xo1191, 
and the l ead ing  edge beam assembly are made of aluminum honeycomb-core sandwich 
panels .  The l and ing  gear door is  made of double-walled, h a t - s t r i n g e r - r e i n f o r c e d  
aluminum pane l s  separated by aluminum s t r i n g e r s .  The e n t i r e  lower wing s u r f a c e  
i s  covered w i t h  high-temperature  r e u s a b l e  s u r f a c e  i n s u l a t i o n  (HRSI) t i les ,  wi th  a 

L 



l a y e r  of s t r a in  i s o l a t i o n  pad ( S I P )  l y i n g  between t h e  wing s k i n  and the  HRSI f o r  t h e  
a b s o r p t i o n  of s t r a i n  i n c o m p a t i b i l i t y  be t r een  the aluminum wing s k i n  and the HRSI. 
Most of the  upper s k i n  near  t h e  l ead ing  edge r eg ion  i s  covered with low-temperature 
r e u s a b l e  s u r f a c e  i n s u l a t i o n  ( L R S I )  t i les .  A SIP l a y e r  l i es  under t h e  LRSI t o  func- 
t i o n  t h e  same as t h e  S I P  does  f o r  t h e  YRSI. The rest of t h e  upper wing s k i n ,  which 
i s  sub jec t ed  to l o w  h e a t i n g ,  i s  covered wi th  h i g h l y  f l e x i b l e  f e l t  r e u s a b l e  s u r f a c e  
i n s u l a t i o n  (FRSI),  under which t h e r e  i s  no S I P  l a y e r .  Room tempera ture  vulcan- 
i zed  (RTV) rubber bonding agen t  w a s  used i n  bonding t h e  thermal p r o t e c t i o n  system 
(TPS) t o  t h e  wing s u r f a c e s .  Some of t h e  gaps between t h e  TPS t i l e s  i n  t h e  high- 
tempera ture  r eg ions  are f i l l e d  wi th  ceramic-coated aluminum mat ( g a p  f i l l e r s )  t o  
p reven t  h o t  gases  from coming i n  c o n t a c t  wi th  t h e  s u b s t r u c t u r e  at, t h e  bottom of 
each  gap. F igure  4 shows t h e  s t r u c t u r a l  d e t a i l s  of t h e  wing segment of t h e  
o r b i t e r  r i g h t  wing. 

Fuselage 

F igu re  5 shows t h e  f u s e l a g e  cross s e c t i o n  loca ted  a t  s ta t ion  Xo877. Both t h e  
f u s e l a g e  bottom. (or b e l l y )  and t h e  s i d e w a l l  are made of T - s t i f€ene r - r e in fo rced  
aluminum s k i n s .  The lower and the  upper  g love  s k i n s  ( e x c e p t  f o r  t h e  l e a d i n g  edge 
r e g i o n )  are made of h a t - s t r i n g e r - r e i n f o r c e d  aluminum s k i n s .  The l e a d i n g  edge r eg ion  
o f  t h e  g love  s k i n  is an  aluminum honeycomb-core sandwich s t r u c t u r e .  The bay door  i s  
a sandwich s t r u c t u r e  made of honeycomb c o r e  and graphite-epoxy composite s k i n s .  A 
small p o r t i o n  of t h e  bay door i n n e r  s u r f a c e  is covered wi th  a l a y e r  of RTV rubber t o  
s e r v e  as a h e a t  s i n k .  The f u s e l a g e  bottom, lower g love ,  g love  l e a d i n g  edge r eg ion ,  
and part of t h e  g love  upper s u r f a c e  ( n e a r  the l ead ing  edge r e g i o n )  are covered wi th  
HRSI. Most of t h e  upper g love  o u t e r  s u r f d c e  is  covered wi th  LRSI. The lower por- 
t i o n  of t h e  s i d e w a l l  outer s u r f a c e  i s  covered wi th  FRSI, and t h e  upper p o r t i o n  wi th  
LRSI. The upper o u t e r  s u r f a c e  of t h e  payload bay door  is covered wi th  a l a y e r  of 
FRSI, and lower o u t e r  s u r f a c e  wi th  LRSI. 

FINITE-ELEMENT MODELING 

Because of t h e  complex n a t u r e  of t h e  space s h u t t l e  orbiter s t r u c t u r e ,  some 
s t r u c t u r a l  s i m p l i f i c a t i o n s  were necessary  b e f o r e  s e t t i n g  up t h e  f in i t e - e l emen t  
s t r u c t u r a l  models so t h a t  t h e  computations would be manageable. Excess ive ly  
d e t a i l e d  models could  lead t o  excess  computation time, for which t h e  g a i n  i n  so lu-  
t i o n  a c c u r a c i e s  might n o t  be h igh  enough compared wi th  t h e  s o l u t i o n s  ob ta ined  from 
simpler y e t  reasonably  d e t a i l e d  models. The p rev ious  h e a t  t r a n s f e r  a n a l y s i s  of t h e  
o r b i t e r  ( r e f s .  1 t o  7 )  showed t h a t  r e p r e s e n t i n g  t h e  h a t - s t r i n g e r - r e i n f o r c e d  s k i n s  
(wing and g love  s k i n s ) ,  T - s t i f f ene r - r e in fo rced  f u s e l a g e  s k i n ,  and honeycornb-core 
sandwich s k i n s  wi th  smooth pane l s  of e f f e c t i v e  t h i c k n e s s e s  could  g i v e  s u f f i c i e n t l y  
a c c u r a t e  tempera ture  s o l u t i o n s .  Therefore ,  i n  s e t t i n g  up t h e  s t r u c t u r a l  :nodels f o r  
t h e  orbiter, a similar approach was adopted. 

For t h e  thermal stress a n a l y s i s  of t h e  whole orbiter l e f t  wing, a s t r u c t u r a l  
performance and r e s i z i n g  (SPAR) f i n i t e - e l e m e n t  computer program ( r e f .  8 )  w a s  used; 
f o r  t he  thermal stress a n a l y s i s  of t h e  wing and f u s e l a g e  segments, a NASA s t r u c t u r a l  
a n a l y s i s  (NASTRAN) computer program ( r e f .  9 )  w a s  used. 
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Whole Wing 

The SPAR f in i t e - e l emen t  s t r u c t u r a l  model (WING) s e t u p  for t h e  e n t i z e  orbiter 
l e f t  wing is  shown i n  f i g u r e  6 .  
modif ica t ion  of the whole wing thermal model used earlier f o r  the h e a t  t r a n s f e r  ana l -  
y s i s  by KO, Gong, and @inn ( r e f .  4 ) .  The wing upper and lower s k i n s  were modeled 
wi th  q u a d r i l a t e r a l  membrane ( E 4 1 )  and t r i a n g u l a r  membrane (E311 elements .  Only t w o  
e lements  were modeled between spar caps, and only  one element  between the r i b  caps.- 
The a n i s o t r o p i c  material properties were used to  account  f o r  the  e f f e c t  of the hat-  
s t r i n g e r s .  The f u s e l a g e  w a l l  (or wing root wall)  was modeled w i t h  E 4 1  elements .  
The spar and r i b  webs and the loading  edge beam assembly were modeled wi th  quadri-  
lateral  shear pane l  (E441 elements.  The spar and r i b  caps and the  r i b  t r u s s  members 
were modeled with two-mode bar elements  ( E 2 3 )  which have on ly  a x i a l  s t i f f n e s s .  The 
wing r o o t  nodes are e l a s t i c a l l y  connected to  geomet r i ca l ly  c o i n c i d e n t  p o i n t s  through 
zero- length E 2 5  elements  t o  s imula t e  t he  connec t ion  of  t h e  wing root to  the  f u s e l a g e  
s t r u c t u r e .  The s i z e  of t h e  e n t i r e  wing s t r u c t u r a l  model is  as follows: 

This  wing s t r u c t u r a l  model was obta ined  from d i r e c t  

232 JLOCs 
498 E 2 3  elements  
10 E25 elements  
181 E 4 1  elements  

19 E 3 1  elements  
67 E 4 4  elements  

Wing Segment 

The NASTRAN f in i t e - e l emen t  s t r u c t u r a l  model ( W S 2 4 0 )  f o r  t h e  orbiter wing segment 
bouhded by wing s t a t i o n s  Y o - 2 4 0  and Y o - 2 5 4 ,  is  shown i n  f i g u r e  7. 

lower wing s k i n s ,  spar webs, and r i b  cap  webs werb modeled wi th  q u a d r i l a t e r a l  mem- 
b rane  and bending elements  (CQUAD2) .  The spar caps and t h e  r i b  t r u s s  members were 
modeled wi th  two-node tension-compression-torsion e lements  (CROD) .  

The upper and 

I n  order to approximate the  a c t u a l  deformation f i e l d  of t h e  whole wing, t w o  
boundary c o n d i t i o n s  were used f o r  t h e  WS240 s t r u c t u r a l  model. The Y o - 2 5 4  p lane  
w a s  f i x e d  (no  d isp lacement  i n  the y d i r e c t i o n ) ,  but the d isp lacements  i n  the x ' 

and z d i r e c t i o n s  were permitted. For the Y o - 2 4 0  p lane ,  t w o  boundary c o n d i t i o n s  
were used: 

1. Plane  stress -No r o t a t i o n s  w i t h  respect t o  the x ,  y, and z axes ,  
b u t  free to move i n  the x, y, and z d i r e c t i o n s .  

2.  Plane  s t r a i n  deformation - The y d isp lacements  f o r  a l l  t h e  nodes 
l y i n g  i n  t h e  Y o - 2 4 0  p lane  were set i d e n t i c a l l y ,  and r o t a t i o n s  wi th  respect 
t o  the x ,  y ,  and z axes were cons t r a ined .  

The s ize  of  the e n t i r e  WS240 s t r u c t u r a l  model is  as fo l lows:  

204 g r i d  p o i n t s  
121 CQUADZ e lements  
139 CROD elements  



Fuselage Segment 

I Figure  8 shows t h e  NASTRAN f in i t e - e l emen t  s t r u c t u r a l  model (FS877) s e t u p  f o r  t h e  
f u s e l a g e  segment, bounded by t h e  t w o  p l anes  a t  f u s e l a g e  s t a t i o n s  X087f and X 0 8 8 O .  
The bay door w a s  omitted because it is no t  a major load-car ry ing  s t r u c t u r e .  The 
f u s e l a g e  segment w a s  modeled wi th  CQUAD2 and CROD elements.  The Xo877 p l a n e  w a s  
f i x e d  (no  displacement  i n  t h e  x d i r e c t i o n ) ,  b u t  t h e  displacemer,ts  i n  t h e  y and z 
d i r e c t i o n s  w e r e  permitted. The deforination of t h e  X088O p lane  w a s  c o n s t r a i n e d  t o  
be p lane  s t . ra in  deformation. The e n t i r e  FS877 s t r u c t u r a l  model has 

62 g r i d  p o i n t s  
89 CQUAD2 elements  

9 CROD elements  

THEWlAL LOADINGS 

Figure  9 ( t aken  from r e f .  4 )  and f i g u r e  10 ( t aken  from ref. 5 )  r e s p e c t i v e l y  show 
t h e  s t r u c t u r a l  t empera ture  t i m e  h i s t o r i e s  f o r  t h e  wing s k i n s  and t h e  f u s e l a g e  sk in .  
Notice t h a t  t h e  s t r u c t u r a l  temperatures f o r  m o s t  of t h e  wing s k i n  and f u s e l a g e  s k i n  
s t a t i o n s  reached t h e i r  r e s p e c t i v e  peak va lues  a t  t = 1700 sec from s ta r t  of r e e n t r y .  
I n  t h i s  a n a l y s i s ,  t h e  s t r u c t u r a l  t empera ture  d i s t r i b u t i o n s  a t  t = 1700 sec w e r e  used 
as thermal  load  i n p u t  t o  t h e  s t r u c t u r a l  models f o r  t h e  thermal  stress c a l c u l a t i o n s .  

For  both WS240 and WING s t r u c t u r a l  models, t h e  s t r u c t u r a l  temperature d i s t r i b u -  
t i o n s  w e r e  ob ta ined  from t h e  computer o u t p u t s  of t h e  earlier h e a t  t r a n s f e r  a n a l y s i s  
conducted by KO, Quinn, and Gong ( r e f .  4 ) .  For t h e  FS877 model, t h e  s t r u c t u r a l  t e m -  
perature d i s t r i b u t i o n  w a s  ob ta ined  from t h e  computer o u t p u t s  of t h e  h e a t  t r a n s f e r  
a n a l y s i s  done by KO, Quinn, and Gong ( r e f .  5 ) .  Figure  1 1  shows t h e  thermal  load ings  
a t  wing s t a t i o n  I Yo I 240 f o r  t h e  WS240 and WING s t r u c t u r a l  models. 
t h e  shape of t h e  c a l c u l a t e d  s t r u c t u r a l  t empera ture  d i s t r i b u t i o n s  i n  f i g u r e  11  is  
caused by t h e  number of e lements  i n  t h e  t w o  models. S i m i l a r  d i s t r i b u t i o n  can be 
expec ted  i n  t h e  thermal  stress c a l c u l a t i o n s .  F igu re  12 shows t h e  thermal  load ing  
used  f o r  t h e  FS877 s t r u c t u r a l  model. 

The d i f f e r e n c e  i n  

RESULTS 

F igures  13 t o  15 r e s p e c t i v e l y  show t h e  d i s t r i b u t i o n s  of t h e  chordwise stress 
ux, spanwise stress uy, and t h e  s h e a r  stress T~~ i n  t h e  o r b i t e r  wing lower s k i n  
calculated from t h e  WING s t r u c t u r a l  model. The peak compression of both ux 

( =  -9097 l b / i n 2 )  and uy (= -2897 l b / i n 2 )  occurred  near  t h e  wing root. The peak 

t e n s i o n  of ux = 2836 lb / in2  and uy = 2405 lb / in2  occurred  a t  t h e  l e a d i n g  edge reg ion  
( f i g s .  13 and 14) .  The o r b i t e r  wing s k i n  buckl ing  stresses are approximately ux = 

-12,000 Ib/ in2 and uy = -25,000 lb / in2 .  The peak va lue  of t h e  s h e a r  stress 1 rX I = 

7877 lb / in2  w a s  l o c a t e d  a t  t h e  wing root t r a i l i n g  edge zone ( f i g .  1 5 ) .  Figures  16 
t o  18 r e s p e c t i v e l y  show t h e  d i s t r i b u t i o n s  of ux, uy, and T~~ i n  t h e  orbiter wing 

upper sk in .  The peak t e n s i o n  of ax = 3087 lb / in2  occurred  near t h e  wheel w e l l ,  and 
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t h e  peak compression of ox = -2947 lb / in2  w a s  located a t  t h e  wing r o o t  t r a i l i n g  edge 

r eg ion  ( f ig .  16) For 9 . 8  the peak t ens ion  2483 lb / in2  w a s  located a t  the midspan 

t r a i l i n g  edge reg ion ,  and the peak compression ( c r y  - -1371 i i i / l b2 )  occurred  a t  t h e  
first bay of midspan ( f i g .  17 1 .  

L i k e  t h e  o r b i t e r  wing lower s k i n ,  t h e  maximum shear I T~~ I = 2137 lb / in2  was 
located a t  t h e  wing root t r a i l i n g  edge region.  Figure 19 shows the  s h e a r  stress 
d i s t r i b u t i o n  i n  the wing spars, l ead ing  edge pane l s ,  wing root w a l l ,  and the  ele- 
von suppor t  pane ls .  The peak shea r  occurred a t  t h e  t r a i l i n g  edge reg ion  of t h e  
wing root w a l l  ( f u s e l a g e  w a l l ) .  

~ 

Figure 20 shows t h e  a x i a l  stresses i n  t h e  orbiter wing spar caps, wing root r i b  
The maximum a x i a l  t e n s i o n  of 7988 lb / in2  occur red  i n  caps, and o t h e r  rod elements.  

t h e  a f t  wheel w e l l  w a l l  lower spar cap; t h e  peak a x i a l  compression of -15,408 Ib / in2  
occur red  a t  the wing root r i b  lower cap near  t h e  midchord reg ion .  
t h e  a x i a l  stresses i n  t h e  o r b i t e r  wing r i b  t r u s s  members. The peak t e n s i o n  of 
5412 lb / in2  occurred  a t  t h e  v e r t i c a l  t r u s s  member of t h e  l as t  bay of the  r i b  next  t o  
t o  t h e  wing root r i b ;  t h e  peak compression of -9038 lb / in2  occurred  a t  t h e  lower 
h o r i z o n t a l  t r u s s  member of t h e  wing root r i b .  

F igure  21 g ives  

F igu res  22 t o  24 r e s p e c t i v e l y  show t h e  chordwise d i s t r i b u t i o n s  of t h r e e  thermal  
stresses 0x8 %# and fXy a t  wing cross s e c t i o n  Yo-240. 
la ted us ing  the WS240 and WING s t r u c t u r a l  models. For t h e  WS240 model, t w o  sets of 
cu rves  were presented .  The first set ( so l id  curves)  is f o r  the "plane stress" bound- 
a r y  cond i t ion  and t h e  second set ( d o t t e d  cu rves )  is  f o r  the "plane s t r a i n "  deforma- 
t i o n .  
lower s k i n  and upper s k i n  of bay 1 e x h i b i t s  stress r e l e a a e  zones n e a r  t h e  c e n t e r  
r eg ion  of each bay. Th i s  implies t h a t  t h e  wing s k i n s  i n  t h o s e  r eg ions .have  bulged 
o u t  because of thermal  loading.  The WING model did n o t  have t h e  c a p a b i l i t y  to  show 
t h e  above stress release e f f e c t  because of i n s u f f i c i e n t  f i n i t e  elements.  Poor corre- 
l a t i o n  between t h e  p r e d i c t i o n s  based on WS240 and p r e d i c t i o n s  based on WING models 
could  be a t t r i b u t e d  to: 

These stresses were calcu- 

I n  f i g u r e  23, t h e  d i s t r i b u t i o n  of uy c a l c u l a t e d  from WS240 model for the wing 

1. The two.sets of boundary c o n d i t i o n s  used f o r  the WS240 model may 
n o t  r e p r e s e n t  the a c t u a l  deformation cond i t ions .  

2 .  The elements  used for the WING model could be too coarse t o  g ive  
more a c c u r a t e  stress d i s t r i b u t i o n s .  

t 

The v a r i a t i o n s  between t h e  c a l c u l a t e d  stress data of f'igures 22 t o  24 i l l u s t r a t e  
how s e n s i t i v e  t h e  wing segment models are t o  boundary cond i t ions .  More impor tan t ly ,  
t h e  d i f f e r e n c e s  between t h e  c a l c u l a t e d  stresses from the wing segment model and the 
wing model are s i g n i f i c a n t  i n  terms of percentage  and sign. Even though t h e  wing 
model is r e l a t i v e l y  coarse, it is  still  cons idered  t o  be t h e  mos t  a c c u r a t e  anal-  
y s i s  (of those p resen ted  h e r e )  because it c o n s i d e r s  tempera ture  and stress e f f e c t s  
throughout  the en t i r . e  wing. The WING model is also be l i eved  t o  be t h e  least sus- 
c e p t i b l e  t o  t h o s e  boundary cond i t ions  imposed i n  t h e  case of t h e  wing segment model. 
An inc reased  number of e lements  i n  t h e  e n t i r e  wing model should improve t h e  d i s t r i -  
b u t i o n  of c a l c u l a t e d  stresses between spar caps, b u t  t h e  magnitude and range of 
stresses would be expected t o  change very l i t t l e .  

- 

~ 

f 
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Figure  25 shows t h e  d i s t r i b u t i o n  of t h e  a x i a l  stress ox i n  t h e  f u s e l a g e  s t r u c -  

t u r e .  

near the  v e r t i c a l  w a l l ,  and. t he  peak t ens ion  of ux = 7385 l b / in2  occurred  near  t h e  
g love  leading  edge reg ion .  Tables I and 2 summarize t h e  major w a k  stresses t h a t  
occurred i n  t h e  orbiter major s t r u c t u r a l  components. 

The peak compression of o x  = -7653 l b / in2  i n  t h e  fuse l age  bottom s k i n  occurred  

F igure  26 shows t h e  d e f l e c t i o n  curves  of t h e  orbiter wing l ead ing  and t r a i l i n g  
edges. The wingt ip  d e f l e c t i o n  induced by t h e  thermal loading  i s  0.94 i n .  The i n n e r  
span reg ion  of t h e  wing is  t w i s t e d ' i n  t h e  d i r e c t i o n  of i n c r e a s i n g  ang le  of a t t a c k ,  b u t  
t h e  outer span r eg ion  of t h e  wing i s  twi s t ed  i n  t h e  oppos i t e  d i r e c t i o n .  F igure  27 
shows t h e  spanwise cnange i n  ang le  of  a t tack Aa as a r e s u l t  of t h e  thermal  loading .  
The maximum value  of I Aa I = 0.lo occurred near  t h e  wingt ip .  

F igure  28 shows t h e  deformed shapes of t h e  wing cross s e c t i o n  a t  Yo-240 p r e d i c t e d  
by us ing  the wing segment m o d e l  under t he  two boundary c o n d i t i o n s  mentioned earlier. 
The e n t i r e  wing cross s e c t i o n  has  curved up s l i g h t l y  because of thermal  loading.  The 
deformation a t  bay 1 is  most conspicuous f o r  boundary c o n d i t i o n  1 ( f i g .  28(a)), wi th  
a v e r t i c a l  d i sp lacement  of 0.110 i n .  a t  t he  bay 1 lower s k i n  (honeycomb-core sandwich 
s k i n ) .  For boundary c o n d i t i o n  2 ( f i g .  2 8 ( b ) ) ,  t h e  peak v e r t i c a l  d i sp lacement  of 
0.121 i n .  occur red  a t  the  bay 1 upper sk in .  F igure  29 shows t h e  deformed f u s e l a g e  
c r o s s  s e c t i o n  a t  Xo877. Tne t h e r a a l  loading  tended to  f l a t t e n  t h e  f u s e l a g e  o u t e r  
bottom, and caused the  g love  l ead ing  edge to  move s l i g h t l y  upward, 'wi th  upward dis- 
placement of  0.013 i n .  

CONCLUSIONS 

' Thermal stress a n a l y s e s  were performed on t h e  space s h u t t l e  orbiter sub jec t ed  to  
STS-5 r e e n t r y  thermal  loading.  The whole wing, one midspan wing segment, and one 
midfuselage segment were s e l e c t e d  f o r  t h e  ana lyses .  The whole wing w a s  found to  be 
twi s t ed  under t h e  thermal  loading.  The inboard span r eg ion  of t h e  wing is  twi s t ed  
i n  t h e  d i r e c t i o n  of i n c r e a s i n g  a n g l e  of a t t a c k ,  b u t  t h e  o u t e r  span r eg ion  of  t h e  wing 
i s  twi s t ed  i n  t h e  opposite d i r e c t i o n .  
0.12O. The c o r r e l a t i o n  between t h e  stress p r e d i c t i o n s  us ing  t h e  whole wing model and 
t h e  wing segment model w a s  r a t h e r .  poor. The r easons  for t h i s  may be (1) t h e  boundary 
c o n d i t i o n s  used i n  t h e  wing segment m o d e l  may n o t  a c c u r a t e l y  r e p r e s e n t  t h e  actual 
deformation f i e l d  i n  ' t he  whole wing and (2) t h e  whole wing model could be t oo  coarse 
t o  g ive  s u f f i c i e n t l y  a c c u r a t e  stress d i s t r i b u t i o n s .  
r e l a t i v e l y  coarse, it is s t i l l  cons idered  to  be the  most accurate a n a l y s i s  compared 
wi th  t h e  wing segment model because it c o n s i d e r s  tempera ture  and stress e f f e c t s  
throughout  t h e  e n t i r e  wing. The f u s e l a g e  cross s e c t i o n  was found to deform i n  such 
a way t h a t  t h e  f u s e l a g e  o u t e r  bottom w a s  s l i g h t l y  f l a t t e n e d  and t h e  g love  l ead ing  
edge moved s l i g h t l y  upward. F i n a l l y ,  i t  w a s  found t h a t  t he  thermal  stress l e v e l s  
induced i n  t h e  o r b i t e r  s t r u c t u r e  were r e l a t i v e l y  l o w .  

The maximum t w i s t  a n g l e  of t h e  wing is  about  

Even though t h e  wing model is  
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TABLE 1. - PEAK S T R E S S E S  I N  ORBITER STRUCTURAL COMPONENTS 

a,, lb/in2 ay, lb/in2 

structural Peak Peak Peak Peak Peak 
component tension compression tension compression shear 

wing lower skin 
(Fig. 13 to 15) 2836 -9097 240 5 -2897 7877 

Wing upper skin 
(fig. 16 to 18) 3087 -2947 2483 -1371 2 137 

Fuselage skin 
(fig. 27) 741 1 -7628 533 -574 69 

TABLE 2. - PEAK AXIAL S T R E S S E S  I N  ORBITER 
SLENDER STRUCTURAL COMPONENTS 

structural 
component 

~~~ ~~ ______ 

Axial tension, Axial compression, 
lb/in2 lb/in2 

Wing spar caps and 
wing root rib caps 
(fig. 20) 7988 

Wing rib truss 
members (fig. 21) 5412 

- 15,408 

-9,038 
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Figure 1 .  Regions of space s h u t t l e  orbiter modeled. 
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1 2  



t‘ 
Wlnglebvon Interface 

7064 
xo 1w 
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F i g u r e  4. 
b e t w e e n  wing s tat ions Yo240 and Yo254. 

Geometry  of wing segment  WS240 
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F i g u r e  6 .  Space  s h u t t l e  orbiter wing SPAR s t r u c t u r a l  m o d e l .  TPS ,  wheel  
w e l l  door, and l a n d i n g  g e a r  e x c l u d e d .  
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F i g u r e  7 .  NdSTRAN s t r u c t u r a l  model f o r  orbiter wing segment  WS240. 
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Figure 8 .  NASTRAN s t r u c t u r a l  model for orbiter f u s e l a g e  segment FS877. 
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Figure 10. 
Xo877. STS-5 flight (ref e 5) 

Orbiter fuselage skin temperature - time histories at station 
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Figure 13. 
wing lower skin. STS-5 thermal loading. Time = 1700 sec. 

Distribution of normal stress ux (in lb/in2) in the orbiter 
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F i g u r e  15 .  
w i n g  lower s k i n .  STS-5 thermal loading .  Time = 1700 sec. 

D i s t r i b u t i o n  of shear stress T~~ (in l b / i n 2 )  i n  t h e  orbiter 
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Figure 17. Distribution of normal stress ay (in lb/in2) in the orbiter 
wing upper skin. STS-5 thermal loading.. Time 1700 sec. 
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Figure 18. 
wing upper skin. STS-5 thermal loading. Time = 1700 sec. 

Distribution of shear stress TYY (in lb/in2) in the orbiter 
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Figure 19. 
w i n g  spars, l e a d i n g  e d g e  p a n e l ,  wheel w e l l  w a l l s ,  elevon suppor t  p a n e l s ,  
and wing  root w a l l .  STS-5 thermal load ing .  T i m e  = 1700 sec. 

D i s t r i b u t i o n  of shear  stress T~~ ( i n  lb / in2 )  i n  the orbiter 

mr4 -64 

Figure  20. 
root rib caps ,  and other rod elements. STS-5 thermal load ing .  Time = 
1700 sec. 

Ax ia l  stresses ( i n  lb/in*) i n  the orbiter wing  spar caps, w i n g  
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Distribution of axial stress ux in the orbiter fuselage at sta- 
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Figure 26 .  
by STS-5 thermal loading.  

Deflection curves of leading and t ra i l ing  edges of orbiter w i n g  caused 
Time = 1700 sec. View looking a f t .  
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Deformed shape of fuselage cross sec t ion  a t  Xo877. ms-5 thermal 
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